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ABSTRACT | O\I’) GL\

A scheme for containing fissionable material in the gas phase in a
gaseous-core, nuclear-reactor propulsion system is considered. The re-
sults of a referenced analysis of this concept indicate that a rotating
annular cloud of highly concentrated fuel gas can be retained in a
steady, two-dimensional, potential vortex flow.

The primary objective was to experimentally determine whether a
real vortex flow can sustain an annular cloud of a high-molecular-weight
gas at room temperature and to determine analytically and experi-
mentally how this cloud is influenced by several of the flow parameters.

Qualitative agreement between the theoretical radial distributions of
the heavy to light gas mass density ratio and the measured distributions
was found. However, the experimentally determined distributions were
found to vary significantly and monotonically from one axial plane to
the next, being radially more uniform near the end wall not containing
the exit orifice and displaying a definite peak near the opposite end of
the vortex tube. In addition, the maximum enrichment factor was
found experimentally to increase as the heavy gas mass flow rate was
decreased at each of three hydrogen mass flow rates tested. This be-
havior of the maximum enrichment factor was also found for the ana-
lytical model. From the analysis based on a two-dimensional (no axial
velocities ) potential vortex flow, a critical light gas mass flow rate, with
respect to achieving large maximum enrichment factors, was found.
This means that if, for any given set of conditions, the actual radial
mass flow rate is greater than this critical rate the maximum enrich-
ment factor will be modest, whereas, if the mass flow rate is reduced
below the critical rate, the maximum enrichment factor becomes very

large indeed.
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I. INTRODUCTION

In order to take full advantage of the inherent poten-
tial of nuclear energy for rocket propulsion, a means must
be found to circumvent the constraints imposed on system
performance by the temperature limitations of solid-fuel
elements. A possible scheme to accomplish this is one in
which a mixture of very-high-temperature, gaseous, fis-
sioning tuel and a gaseous propellant are contamned in a
chamber in such a way that the energy can be transferred
dircetly to the propellant by particle collision and/or

radiation absorption, thereby eliminating the necessity
for solid heat-transfer surfaces that are temperature-
limited. Because of economic, biological, and performance
considerations, it would be essential, however, to separate
most of the fuel from the hot propellant before the
propellant is expelled.

One such scheme, a gaseous-vortex reactor, is partially
analyzed in Ref. 1 and is shown schematically in Fig. 1.

vai/fr
dofdr « pv3/r

Fig. 1. Vortex separation device
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The gaseous-vortex reactor concept takes advantage of
the strong radial pressure gradient generated by a vortex-
type flow to induce diffusion between the propellant gas,
of low molecular weight,and the fuel gas, of much higher
molecular weight. Theoretically, the results of this bi-
nary diffusion phenomenon would be a low concentration
of fuel gas near the cylindrical wall and near the vortex
centerline and a high concentration within an annular
region of small radial increment. Conceptually, the pro-
pellant gas, which is injected tangentially into the vortex
tube at the cylindrical wall, migrates radially inward
through the hot, dense, annular cloud of fissioning fuel,
is heated by attenuating the fission fragments, and then
flows axially out through a hole in the center of one end
wall.

In the analysis of Ref. 1 the existence of an inviscid,
two-dimensional vortex and a laminar diffusion process
was assumed. However, it has been shown experimentally
in Refs. 2 and 3 that in practice this type of flow is three-
dimensional. A significant effect of these axial velocities,
induced by the end-wall boundary layers, is to reduce the
effective radial mass flow rate. In addition, the fact that
this type of flow is turbulent has been inferred from end-
wall pressure measurements (Refs. 4, 5) and measured
with a hot wire (Ref. 2). It is also well known that the
radial distribution of tangential velocity in these real
flows is not described very accurately by a potential
function.

In Ref. 4, the radial distribution of a fuel-simulating
heavy gas was measured in a real binary vortex flow, and
it was found that a cloud did in fact develop, and at
approximately the radius predicted by the analysis of
Ref. 1. However, the cloud was not very dense and the
measurements were limited to one axial plane, essentially
to one light gas mass flow rate, and to one pair of gases.
Consequently, additional experimental and analytical
work was needed to further help clarify the character-
istics of this type of binary flow and to help determine
whether, in fact, the concept of Ref. 1 was realizable.

In an effort to obtain further insight into the effects of
a rotating flow on binary mixtures, an experimental in-
vestigation was made of the heavy to light gas mass
density ratio occurring at various axial and radial loca-
tions in the vortex tube. Special emphasis was placed on
the effects of mass flow rate, molecular weight, and
method of heavy gas injection.

In order to compare these experimental results, which
were obtained with room-temperature gases, with an ap-
propriate theory, the analytical model used in Ref. 1 was
adopted and modified accordingly. Since the actual radial
mass flow rate of light gas m,, in any given vortex flow is
unknown, this flow rate was treated as a parameter, and
the effect of this parameter on the radial distribution of
the heavy to light gas mass density ratio p,./p. was deter-
mined from this modified analytical model. By compar-
ing these results with experiments, an estimate of the
actual light gas mass flow rate occurring in the experi-
ments was obtained. In addition, this modified model
was used to study the maximum enrichment factor
(Pi/P1)wax/(pu/pr)w and the way in which this factor
was influenced by variables such as light gas mass flow rate
and the ratio of heavy to light gas mass flow rate m,,/m,..

The static pressure on the closed end wall of the vortex
tube was measured for both hydrogen and nitrogen gas
flows, and the differences were noted. Also, from similar
measurements with nitrogen, the radial distribution of
the diffusion-causing radial pressure gradient d In p/dr
was determined as a function of mass flow rate and exit-
hole diameter.

Since the density ratio measurements required the
introduction of a probe into the binary flow, the effects
of this type of probe on the end-wall pressure distribu-
tion was determined. The type of probe considered con-
sisted of a plain cylindrical rod extending completely
across the vortex tube along a diameter, and end-wall
pressure measurements were made for various probe
diameters, probe axial positions, and nitrogen mass flow
rates.
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Il. EXPERIMENTAL EQUIPMENT AND TECHNIQUES

A. Vortex Tube

Two basic vortex tubes were used for these experi-
ments, Model A and Model B.

Model A, which was used for most experiments, con-
sisted of two concentric cylindrical steel tubes held
together at both ends by flanges onto which the end walls
were bolted (Fig. 2). The annular space between the
tubes served as a manifold, which supplied the high-
pressure gas or binary gas mixture to each of 804 driving
jet tubes, These tubes were fabricated of stainless-steel
tubing of 0.062-in. OD and 0.007-in. ID, cut into 0.90-in.
lengths and cemented into holes drilled through the wall
of the inner tube. The overall effect of this arrangement
was to have 0.007-in.-D jets arranged in a helix and
tangent to a circle whose diameter was 92% of the inner

PROBE DRIVE |-

—‘=|-> SAMPLE TO THERMAL

tube ID. The helix contained six equally spaced jets per
cycle and had a pitch of 0.180 in. This pattern of jets
covered the entire inner cylindrical surface of the vortex
tube, which was 24.14 in. long and 4.50 in. in diameter.

For all experiments, the fluid from the vortex tube was
discharged into the atmosphere through an orifice at the
center of one end wall. Since the pressure level near
the vortex centerline was found to be always below one
atmosphere, a center plug was used to prevent the ex-
ternal fluid from being drawn into the vortex during the
separation experiments. Such a recirculation would cause
deceleration of the rotating flow near the centerline and,
what is perhaps more significant, contamination of the
binary mixture. For each mass flow rate of hydrogen
investigated, the center plug was moved along the vortex
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Fig. 2. Experimental vortex tube




JPL TECHNICAL REPORT NO. 32-808

tube centerline until the pressure at the center of the
closed end wall was minimized. It was found, by sam-
pling and analyzing the flow near the centerline, that
this arbitrary criterion was sufficient to insure that no
air was being recirculated. It is also believed that this
criterion ensured that the flow was not being excessively
restricted by the center plug.

Pressure fluctuations measured at the periphery of the
closed end wall by a transducer were reduced from ap-
proximately 1% to 0.1% by contouring the exit orifice
inlet as shown in Fig. 2. However, this exit orifice con-
figuration change had no measurable effect on the density
ratio distributions. For the nitrogen experiments from
which the radial distribution of the radial pressure gra-
dient was determined, cylindrical orifices of various
diameters were used, as shown in Fig. 2.

Model B, used for the probe effect experiments, was
made of Lucite and had an internal diameter of 3.0 in.
and a length of 16.0 in. The fluid, dry nitrogen was
injected into the tube through a single longitudinal row

HEAVY GAS INLET

/

END WALL

i)
A\

/\
NE HIN
A 2
I\/\ \/
NE VAN
5 g \
> N
— l4—-0.238
DIMENSIONS IN INCHES SECTION A-A

of 80 equally spaced holes drilled through the tube wall.
Each jet was 0.040 in. in diameter and approximately
tangent to the inner surface of the vortex tube. The fluid
was exhausted to the atmosphere through a hole at the
center of one end wall.

B. Fluid Supply Systems

The hydrogen and nitrogen mass flow rates were mea-
sured with a choked venturi located upstream of the vortex
tube manifold, and a rotameter was used to measure the
mass flow rate of the heavy gas during the diffusion ex-
periments. For most experiments this heavy gas was
injected into the hydrogen through the throat tap of a
second venturi located in the hydrogen gas supply line
downstream of the choked venturi and 16 in. upstream
of the vortex tube manifold. For several experiments the
heavy gas was injected directly into the vortex tube at
the center of the closed end wall. For this purpose an
injector (Fig. 3), installed in the end wall, imparted a
swirl to the heavy gas to minimize its effect on the hydro-
gen vortex. For several such experiments, a deflector

8 JETS (EACH 0.026 IN DIAMETER)

INJECTOR WITH FLOW DIVERTER INSTALLED

it

r F"‘H\— NUT
i

|

I

0.0l

) ' _LO.OZS

Fig. 3. Heavy gas injector




JPL TECHNICAL REPORT NO. 32-808

plate was used to reduce the axial velocity component
of the heavy gas.

C. Pressure and Temperature Measurements

A pitot tube and a bare-wire thermocouple were used
to measure the fluid stagnation pressure and temperature
15 in. upstream of the choked venturi. The manifold
pressure and temperature were also recorded for each
experiment. In addition, the static pressure at the vortex
tube cylindrical wall, measured at the closed end of the
tube, was monitored and held constant during each run.

The radial static-pressure distribution on the closed
end wall of Model A was obtained with a pressure tap
located in a disk which was built into the closed end wall
and which could be rotated as shown in Fig. 2. The
pressure tap had a diameter of 0.010 in. and was approx-
imately 0.020 in. deep. This disk had its axis displaced
1.063 in. from the vortex tube centerline and was flush
with the end-wall inner surface. By rotating this disk,
the static pressure at any radial position from the center-
line to a point 0.127 in. from the vortex tube’s cylindrical
surface could be determined. The radial position of the
pressure tap was indicated remotely by a signal from a
selsyn motor that was geared to the disk shaft. This radial
position r is equal to the cord distance between the vortex
tube centerline and the tap position, which was 0.061 in.
from the disk periphery, or

(4
— 9asin — 1
r = 2asin 3 (1)
The constant a is the fixed distance between the disk
center and the pressure tap location, or 1.063 in., and
¢ is the angular orientation of the disk. Since the selsyn

output is proportional to sin ¢, where ¢ is the angular
orientation of the selsyn armature, r was directly propor-
tional to the selsyn output because a 2-to-1 gear ratio
between selsyn and disk was used, making ¢ = 6/2. This
signal was put directly on the x-axis of an x-y plotter and
the pressure transducer signal on the y-axis. In this way,

a trace of p = p (r) was obtained directly.

The radial clearance between the disk and the mating
hole was 0.0002 in., in order to minimize the amount of
fluid trapped in the resulting circumferential gap. This
fluid would be driven radially inward by the external
radial pressure gradient and would erupt from the gap
near the vortex tube centerline, disturbing the end-wall
boundary layer. The fluid was prevented from leaking
out through this gap by an O-ring located 0.050 in.
beneath the inner surface of the end wall.

The end wall containing the exit hole was provided
with five pressure taps, each one 0.020 in. in diameter,
located at discrete radial positions. These pressure taps
were connected to a pneumatic switch and the pressure
was measured by a transducer. This same arrangement
was used to measure the radial pressure distribution on
the closed end wall of Model B.

D. Mass Density Ratio Measurements

In order to measure the radial distribution of the ratio
of heavy to light gas mass density p,/p., a sampling
probe was developed that utilized a stainless steel tube
with a 0.010-in. OD and a 0.005-in. ID, located dia-
metrically across the vortex tube (Fig. 2). The probe was
held in position under tension by a 1.97-1b weight, and
could be installed at five discrete axial positions. The
principal advantage of this type of sampling probe is
that the disturbance of the flow by the probe does not
vary as the radial position of the probe is changed. A
0.005-in.-D hole was drilled through the tube wall to
provide a means of obtaining samples. With a vacuum
pump, the sample was extracted continuously from the
binary vortex flow through a thermal conductivity cell,
Model 30-TH, made by the Gow-Mac Instrument Co. of
Madison, New Jersey. Since the pressure at the probe
inlet varied considerably with radial position, a system
was provided for bleeding part of the sample off at a
point upstream of the thermal conductivity cell. By vary-
ing the bleed mass How rate as the radial survey was
made, the pressure and flow rate of the sample to be
analyzed in the thermal conductivity cell could be held
very closely to predetermined values. The flow rate of
the sample passing through the thermal conductivity cell
was monitored with a rotameter and the pressure with a
transducer. Pure hydrogen was withdrawn from the
supply line and bled through the reference side of
the thermal conductivity cell at a pressure and mass flow
rate approximately equal to that of the test sample with-
drawn from the vortex tube. The signal from the thermal
conductivity cell bridge, which was proportional to the
difference in thermal conductivity between pure hydro-
gen and the hydrogen-heavy gas mixture, was used to
drive the y-axis of an x-y plotter. The radial position
of the probe orifice was sensed by a linear potentiometer
and this signal was used to drive the x-axis. Since it was
determined by calibration that, for most operating con-
ditions, the thermal conductivity cell output was linearly
proportional to the ratio of heavy to light gas mass density
in the sample, a plot of density ratio vs radius was ob-
tained directly during an experiment. For conditions at
which it was found that the calibration was not linear
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(high-density ratios), the density ratio measurements were
modified by applying corrections obtained from the cali-
bration curves. In addition, the data were corrected for

electrical drift by obtaining the cell output before and
after each run while pure hydrogen was flowing through
the vortex tube.

lll. RESULTS AND DISCUSSION

A. Analytical Development

The effect of fuel and propellant mass flow rate on
the density ratio p,/p. was determined from an analysis
of the flow model proposed in Ref. 1.

1. Radial Density Ratio Distributions

The radial mass flow at any given radius can be dif-
ferent from that at the cylindrical wall because of the
axial diversion of the flow; consequently it is of interest
to determine analytically the specific effect of the radial
mass flow rate on the radial distribution of the density
ratio p,/p.. To accomplish this, the basic model used in
Ref. 1 was adopted. This model can be described as an
axisymmetric, steady, compressible flow of a mixture of
two inviscid gases differing in molecular weight, with
a zero axial velocity in the annular region of interest and
an inward radial velocity that is everywhere much smaller
than the tangential velocity. In addition, the diffusion
process is assumed to be laminar, with no thermal or body
force diffusion and no chemical reactions.

Since no heat release occurred in the diffusion experi-
ments performed, the term describing an energy release
has been excluded from the problem. It was shown
in Ref. 1 that, for all heating rates lower than a speci-
fied critical rate, the radial distributions of p./p.
have the same general shape and that heating rates
lower than the critical rate are of interest for a pro-
pulsion device. The problem is now considerably sim-
plified, since, with the assumption of no heat generation,
the energy equation is uncoupled from the rest of the
equations and becomes tractable. The assumption of
an axisymmetric two-dimensional flow implies a con-
stant radial mass flow rate in the region of interest, a
contradiction of the experimental results. It is assumed
here, however, that the primary effect on the density

ratio distribution is caused by the reduced level of mass
flow rate and not by the variation of mass flow rate with
radius. The assumption that the flow is inviscid implies
that the tangential velocity is a function of the reciprocal
radius only. In a real flow the tangential velocity also
depends on the radial mass flow rate and probably on its
distribution as well. The tangential velocity level in the
vortex flow is determined by the parameter I', a free
parameter in this analysis, equal to vr. Notice that, by the
assumption of the value for T" in these computations,
the radial pressure gradient d In p/dr is fixed. This means
that the results of this analysis do not depend on pressure
level explicitly. In the analysis of Ref. 1 the heavy gas
particle density n, was restricted to levels much lower
than that of the light gas n,. However, in the derivation
of the equation used here, this restriction was found
unnecessary, and in this way the results herein are some-
what more general, although, of course, they are re-
stricted to flows with no heat generation, as mentioned
previously.

With the assumption of no chemical reactions, the
heavy gas continuity equation, written in terms of the
density ratio p,/p. and the total continuity equation,
can be combined and integrated in closed form. This
result, together with the radial momentum equation, the
integrated tangential momentum and energy equations,
and the equation for the binary diffusion coefficient based
on rigid elastic spheres, can be combined with the equa-
tion for the heavy gas diffusion velocity to form the
following ordinary, first-order, nonlinear Riccati-type
differential equation:

(a(ﬂ'g - a,)’/’ dpu/pL + (Pn )2

a, dr pr

+ m)% +a;,=0 (2

L

+ a;
r(a,r® — a,)”
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where
a, = T,
<ﬂ + 1>I‘2
my,
a, = .
2¢,C,, (1 + % gpu>
I L,
9 Ve 2
a2 = — mL m il 4(0.8[;:1)
m,,(m: n 1>kgc
a, = — lL mL<l'— 11’:11}:)
mH 27" e 2 3
X [mH (1 + mL> kgc} r 8losn)’
q = M _ T
‘ my m;
o = _ M M
? 7;1[, my,

The Riccati equation cannot, in general, be solved by
quadratures, although, with certain restrictions on the
coefficients, solutions can be developed by methods pre-
sented in Refs. 6 and 7. The coefficients of Eq. (2) appear
not to satisfy these restrictions; consequently, solutions
were obtained on a digital computer.

For computational purposes, Eq. (2) was normalized
with respect to conditions at the radial point at which
the density ratio distribution reaches a maximum. This
point was found by setting the slope (dp,/p.)/dr equal
to zero and solving the resulting fifth order algebraic
equation for radius r. It was found that this equation had
two real roots, one plus and one minus; two imaginary
roots; and a fifth root at infinity. The only physically
significant roots are the plus real root and infinity. To
prove that the positive real root represents a local maxi-
mum, the Riccati equation was differentiated with respect
to radius, and the sign of the second derivative was
determined and found to be negative for all values of the
parameters. Also, since the slope of the radial distribution
of the density ratio is zero at infinity, it is clear that the
density ratio distribution reaches a local minimum at

infinity. Therefore the radial distribution of the density
ratio p,/p:. has but one maximum, located at

— a, a, \?
Tmax = <2a0 + {( 200)
1 a(Pu/Pr)max 2y v \ 1

o (pH/pl‘) rznax + a4(pH/PL)max + a;
(3)

+

and one minimum, located at r,;, = o0.

For very large radii, the Riccati equation can be simpli-
fied and, with a simple transformation of the independent
variable, can be integrated. By this procedure it can be
shown that the density ratio p,/p, approaches the ratio
of mass flow rates my/m, as the radius r approaches
infinity. These conditions at infinity correspond with
conditions in the manifold of an experimental vortex
tube for which the heavy and light gases are premixed.
This binary diffusion problem requires that two boundary
conditions be specified in order to obtain a specific solu-
tion. For convenience, these two conditions were taken
at 7., and r,;, by specifying the maximum density ratio
and the ratio of mass flow rates. It can be seen that the
maximum density ratio and its radial location cannot both
be predicted, even when all other parameters are known.
Indeed, the relationship between the maximum density
ratio and its radial location can be determined, it is be-
lieved, only by expcriment.

2. Effect of Mass Flow Rate m,, on the Density
Ratio Distribution

To illustrate the effect of the light gas mass flow rate
m,, on the radial distribution of the density ratio p,/p;,
Eq. (2) was integraied {or several values of i, while the
boundary conditions and all other quantities were held
constant and approximately equal to those used in an
experiment to be discussed subsequently. To maintain
a constant circulation while the mass flow rate is varied
would require a variable injection configuration in prac-
tice. The parametric values are listed in Table 1 and the
results of the integration are shown in Fig. 4 as density
ratio divided by the density ratio at infinity, which was
a boundary condition, plotted against a normalized radius.
To normalize r, the radius of the vortex tube, ry, used in
the experiments described in this Report, was chosen
arbitrarily. The effect of reducing the light gas mass flow
rate is to broaden the distributions and to shift the radius
of maximum density ratio to larger radii. These effects
can be explained from an investigation of the continuity
and diffusion equations for the light and heavy gases.
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Table 1. Parametric values for the theoretical
computations of Fig. 4

Parameter Value
ft-Ibf 8 % 10°
PLe bm °R 2.63
ft-Ibf | 230 X 10°
Pige lbm °R .23 0
. Ilbm —50X 10, —5.0 X 107, —5.0 X 10,
M ec-ft —50X 107, —50X% 10™
mef mu 18
tbm
my, 7.384 X 1077
molecule
Ibm .
my, — 3.827 X 107®
molecule
T °R 533
(—p-"—) 0.085
Py J mux
ft
-7 P r— 1.148 X 10°
molecule
ft*
r,——— 62.18
sec

Dividing the integrated heavy gas continuity equation
by that for the light gas and noting that there can be no
net mass flux by diffusion, the following expression is
obtained;

My __ Pu U, + Uy (4)
my, P Pu -
u, — Uy
PL

The mass average radial velocity u, is approximately
proportional to the light gas mass flow rate m, in this
problem and inversely proportional to the radius r, while
the heavy gas diffusion velocity u,, which is relative to
u,, is independent of this mass flow rate and approxi-
mately proportional to the radial pressure gradient
d In p/dr. Therefore, for a given flow field and mass
flow rate ratio, as was considered in Fig. 4, and at any
given large radius, the density ratio must increase as the
light gas mass flow rate m,, is reduced. This means that
as the heavy gas absolute inward radial velocity (u, + @)
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Fig. 4. Theoretical density ratio distributions

decreases, the heavy gas density relative to that of the
light gas increases in order to maintain a constant mass
flow rate ratio. The inverse is true of the light gas, that
is, p., decreases because of diffusion, causing a further
increase in p,/p;. Since the maximum density ratio is
fixed as a boundary condition in this problem, the dis-
tribution reaches this limit at larger radii as the light gas
mass flow rate is reduced. Note in Fig. 4 that a ten-fold
decrease in light gas mass flow rate causes the radius at
which the peak density ratio occurs to increase by ap-
proximately a factor of three. Also, at the larger radii the
radial pressure gradient changes more slowly with radius,
causing a more gradual change in density ratio and hence
a broader distribution. At radii less than that of the peak
density ratio the density ratio gradient is positive and as
such decreases the heavy gas diffusion velocity, resulting
in a rapidly decreasing density ratio with radius.

3. Maximum Enrichment Factor(p,/p.) ./ {(pn/p1)

In the propulsion concept of Ref. 1, one of the require-
ments of the diffusion process was to produce a very
large maximum enrichment factor (p,/p5)max/(P1/PL)xs
or the equivalent (pu/pr)ua/my/m,. In fact, in the
analysis of Ref. 1, maximum enrichment factors between
5 X 10* and 4 X 10* were assumed. As has been pointed
out previously, it is not possible to predict the maximum
enrichment factor obtainable under a given set of con-
ditions unless its radial location is first assumed. How-
ever, it has been found instructive to determine how this
factor is affected by the other parameters for any given
value of r,,... This has been done by setting the gradient
in Eq. (2) equal to zero and solving the resulting algebraic
equation for the maximum enrichment factor. A positive
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and a negative root are obtained, and by discarding the

physically unrealistic negative root the result is:

(pulprdess _ o [(%) + b1j|1/2 (5)

where
Vo
3m, (1 - m")[mH (1 + m") kzr :l I
b " m & _ my/m, +1
[ = . - . o 12 m /151
S(oua) s ()| T = LT /i
e 2g.C 1+ My “oy
Ben mL CPL
bl = ———-mH/mL = _hi

7’hH/ﬁflL hH

From Eq. (5) the maximum enrichment factor has been
computed as a function of the mass flow ratio m,/m,, for
several light gas flow rates m, and several values of r,,,,.
The results shown in Fig. 5 are for a Freon-13-hydrogen
mixture; in Fig. 6, for a uranium-hydrogen mixture that
is of possible interest in a propulsion device; and in
Fig. 7, for a helium-hydrogen mixture that might be of
interest in other gas separation applications in which the
two species have only a small difference in molecular
weight. For these calculations the heavy gas molecular
weight m, was varied, but the heavy gas specific heat C,,
and collision cross section o¢; were not. Instead, the
values for C,, and o., given in Table 1 for Freon-13,
were used throughout. The values for C i Mi, Ty and T
given in Table 1 were also used in these computations.

The most interesting feature of Figs. 5, 6, and 7 is that
there appears to be some critical light gas mass flow rate.
When the actual light gas mass flow rate is greater than
this critical rate, the maximum enrichment factor is mod-
est and almost independent of mass flow ratio m,/m,.
But when the light gas mass flow rate is less than this
critical rate, the maximum enrichment factor becomes
very large and is then approximately proportional to the
reciprocal mass flow ratio (m,/m,)"'. This means that for
high light gas mass flow rates the maximum density ratio
{(Pu/pi)uax varies as the general density level in the vortex
varies, while with low light gas mass flow rates the maxi-
mum density ratio remains at a high level relative to, and
independent of, the initial density ratio (pu/p.)e Or
(my,/m,). This trend was found for all heavy gases and
for all assumed values of the radial location of the maxi-
mum enrichment factor r,... However, it must be re-
membered that 7,,,, may not remain constant as the mass
flow rates m,, and m,, are reduced. For example, in Fig. 5,

if the vortex were to be operated at an m, of 5 X 10-°
Ibm/sec-ft and if m,/m, were decreased from 10! to
10-%, the maximum enrichment factor would increase by
approximately a factor of 10 if r,., did not change, by
more than 10 if ry,, decreased, and by less than 10, or
would decrease, if 7., increased as m;/m,; decreased.
Note that in a propulsion device, a decrease in the mass
flow ratio m,/m, means a decrease in fuel expenditure
per pound of propellant used. However, the fuel mass
flow rate cannot be decreased without limit (in the hope
of achieving large enrichment factors) since the fuel is
consumed at a certain rate and the flow rate must be at
least large enough to feed this reaction. The dependence
of 7., on the mass flow rates m, and m, must come from
experiment.

A second restriction on these parameters, with respect
to the gaseous-vortex reactor concept, is that the absolute
fuel gas density must satisfy criticality. Estimates of criti-
cality, made in Ref. 1, show that average fuel densities
of order 10'® particles/cm?® might be required. If we take
as a model the vortex tube used in Ref. 1, Case 3 (p. 61),
which was 0.68 in. in diameter, and a flow field of
hydrogen—uranium?® at a temperature level of 7500°R
and a circulation of 62.0 ft?/sec, and assume a desirable
fuel loss rate of 10-* Ibm per Ibm of hydrogen expended,
and an r,,, of 0.24 in., Eq. (5) gives a maximum enrich-
ment factor of 3.2 for a propellent mass flow rate of
2 X 10 lbm/sec-ft. However, if this mass flow rate is
reduced by a factor of two and all other parameters are
maintained the same, the maximum enrichment factor
jumps to 4.4 X 10°. The analysis of Ref. 1 also provides
the following expression for the cylindrical wall pressure:

Py =~ 48 RL TW ﬁy
= (pH/pL)max
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Hence, in order to satisfy criticality for the two propel-
lant mass flow rates just mentioned, the wall pressure
would have to be approximately 1.46 X 107 psia for
m,=2X10-* Ibm/sec-ft, and 1.06:X10? psia for 1,=10"*
Ibm/sec-ft. This calculation clearly shows the desira-
bility of operating the vortex tubes at a propellant mass
flow rate that is less than critical, since by doing so the
system pressure level can be kept to reasonable values.

Comparing Figs. 5, 6, and 7 with one another at any
given value of m,/m,, m,, and r,,,, the following
expected result can be seen: as the heavy gas molecular
weight increases, the maximum enrichment factor also
increases. For the propulsion device this means that it
would be desirable to use a fuel with as high a molecular
weight as is obtainable since, as m,; increases, the propel-
lant mass flow rate can also be increased while maintain-
ing the desired maximum enrichment factor. For example,
by increasing m, by approximately a factor of two, the
propellant mass flow rate can be increased five-fold, as
can be seen by comparing Figs. 5 and 6.

4. Critical Mass Flow Rate m,,

erit

To investigate the peculiar behavior of the maximum
enrichment factor as the light gas mass flow rate is de-
creased, Eq. (5) was evaluated by varying 1, while all
other parameters were held constant. A result of this
computation is shown in Fig. 8 for one particular 7.y
™, /., and binary gas mixture. All other parametric
values are given in Table 1. The sudden increase in the
maximum enrichment factor as the light gas mass flow
rate decreases below a certain value is clearly illustrated.
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Fig. 8. Effect of mass flow rate on the maximum
enrichment factor

The immediate cause of the sudden jump in the maximum
enrichment factor is that the parameter b, in Eq. (5)
passes through zero and becomes positive as m,, is re-
duced. The physical process that accounts for this sudden
behavior is not understood. By this analysis however it
is suggested that, for any given set of conditions, there
exists a maximum flow rate m; below which the vortex
must operate if very large maximum enrichment factors
are to be achieved. Of course, in practice several of the
parameters, I in particular, depend on m,, and it remains
to be seen whether an interesting flow and diffusion
process can be generated at m; below the critical value.
The limitations of the apparatus used in the present in-
vestigation were such that m;, could not be decreased
without decreasing I'" as well; hence an experimental
verification of the existence of a critical mass flow rate
could not be accomplished.

The light gas mass flow rate at the inflection point of
Fig. 8 was chosen arbitrarily to characterize the rather
sudden jump in maximum enrichment factor and will be
called the critical mass flow rate m;,_, . To determine the
dependence of m,_  on the other parameters, Eq. (5)
was differentiated twice with respect to the light gas
mass flow rate. The second derivative term in the result-
ing equation was set equal to zero and the equation
solved for m,. Three roots were obtained, one real and
two imaginary, with the one significant root given by:

bu/x Kl R b«;/:; —_ bx/:z
. __ 1 1 1 1
ml‘cril - CO (bl + 1)..’ (6)
where
C, =
/ AT ”
ame (1 my; -—-]——-/l+ my\ Qm'—' T
L mL) l_mu \ my kgc_‘
8(‘1[4”)2 T'max T°° r‘lznax - (mH/mL + 1) F- /

ny C
L

In Fig. 9, the critical light gas mass flow rate has been
plotted as a function of b, with C, as a parameter (b, is
the ratio of light to heavy gas particle flow rate n./ny). It
can be seen that the critical mass flow rate is very nearly
independent of the variable b, and approximately equal
to the parameter C,. Therefore, one can increase the
propellant flow rate and still maintain a high enrichment
factor if the circulation 27" and/or the heavy gas molecu-
lar weight m,, is increased. Conversely, a lack of circu-
lation can be compensated for by choosing a heavy gas

13
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of greater molecular weight. These results are also sub-
ject to the behavior of r,,, with I" and m,,.

B. End-Wall Static Pressure Measurements

The radial static pressure distribution was measured
on the surface of the closed end wall for several values

of mass flow rate, exit-hole diameter, and sampling probe
diameter and location.

1. Effect of Exit-Hole Diameter and Mass Flow Rate on
the End-Wall Static-Pressure Distribution

The results of typical radial static-pressure distributions
as measured on the closed end wall of vortex tube A,
using hydrogen and nitrogen gases independently, are
shown normalized with respect to the cylindrical wall
static pressure in Fig. 10. It is seen that the two pressure
distributions are very similar and that the hydrogen static
pressure is slightly greater than the nitrogen pressure for
all radii less than the cylindrical wall radius. This type of
comparative experiment was repeated for cylindrical wall
static pressures of 100, 150, 370, and 500 cm Hg (abs).
It was found that the pressure distributions were quali-
tatively the same for all but the lowest pressure level,
and that for all cases the hydrogen pressure was greater
than that of the nitrogen. At a cylindrical wall static
pressure of 100 cm Hg (abs), the differences between the
hydrogen and nitrogen pressures were more pronounced
and varied from zero at the cylindrical wall radius to
7.2 cm Hg at the centerline where the nitrogen pressure
was found to be 41.4 cm Hg (abs). From these results, it
appears that the large number of radial pressure distri-
butions obtained with nitrogen, and analyzed in Ref. 8,
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Fig. 10. A comparison of the radial static pressure distributions for hydrogen and nitrogen gases
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can be applied to the hydrogen vortex, providing the
cylindrical wall static pressure is high enough.

Of the four possible driving potentials in the equation
for binary diffusion described in Ref. 9, the one domi-
nating potential that is controllable in the vortex-type
gaseous core nuclear reactor concept of Ref. 1 is the radial
pressure gradient d In p/dr. The coefficient of this
pressure gradient term in the diffusion equation is a
function of the molecular masses, partial mass densities,
and mixture temperature only. It is of interest, therefore,
to determine the magnitude and radial distribution of the
radial pressure gradient in these vortex-type flows. For a
binary mixture of perfect gases, the static pressure is given
by p=n, (1+n,/n,) kT where n;, and n, are the particle
densities of the low and high molecular weight species,
respectively, k is Boltzmann’s constant, and T is the
equilibrium temperature of the mixture. In the binary
system of interest for the vortex-type gaseous core nuclear
reactor concept, n,, < <ny; therefore the static pressure is
mainly determined by the propellant or low molecular
weight species and can be expressed as p = n, kT. Because
of this approximation, the measurements of the radial
pressure distributions were made in a single-component
vortex. Also, since the difference between the radial

pressure distributions obtained with hydrogen and nitro-
gen is small for the flow conditions of interest, nitrogen
was used to determine the radial pressure gradient and
its radial distribution. It is assumed here that this differ-
ence remains small for all exit-hole diameters.

The radial static-pressure distribution on the closed
end wall of vortex tube A was measured for several exit-
hole diameters and for several values of the cylindrical
wall static pressure at each exit hole. For these measure-
ments, the fluid was exhausted into the atmosphere
through a cylindrical hole 0.99 in. long and of various
diameters at the center of one end wall (Fig. 2). Neither
center plug nor sampling probe was used in these
experiments.

The radial distribution of the radial pressure gradient

dIn p/Pw
d /1w

were computed for several representative conditions by
graphically differentiating the pressure distributions nor-
malized with respect to the cylindrical wall static pres-
sure and then dividing by the pressure ratio. These
representative distributions are shown in Figs. 11 and 12.
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Fig. 12. Effect of exit-hole radius on the radial distribution of the radial pressure gradient

To obtain the results in Fig, 11, the ratio of exit-hole to
vortex tube diameter was fixed at 0.139, and the radial
pressure distribution was measured for ceylindrical wall
static pressures of 100.2, 200.0, and 500.0 cm Hg (abs).
The magnitude of the radial pressure gradient is finite
but very small at the cylindrical wall and rises monotoni-
cally to a maximum near the vortex centerline, then drops
to zero at the centerline. As the cylindrical wall static
pressure is increased, the maximum value of the radial
pressure gradient increases and its radial position is dis-
placed slightly inward. These results are not general and
their limitations will be discussed subsequently. Note in
Fig. 11 that as the total mass flow rate into the vortex tube
increases, the cylindrical wall static pressure also in-
creases since the exit-hole diameter is held constant.
A variation in either of these quantitics can have a signifi-
cant effect on the flow, as shown in Ref. 8. The effects of
varying the exit orifice radius while holding the mass flow
ratec approximately constant are shown in Fig. 12. In
order to hold the mass flow rate constant, the cylindrical
wall static pressure had to increase as the exit-hole diam-
eter decreased. Again the radial pressure gradient was

16

found to be finite but very small at the cylindrical wall
and to increase to a maximum, then drop to zero at the
centerline. Decreasing the exit-hole diameter by a factor
of two caused the maximum pressure gradient to increase
by better than one order of magnitude, and its radial
location to shift inward by a sizable amount. Note also
that as the exit-hole diameter is decreased, the fluid
tangential acceleration or increase in radial pressure
gradient is delayed until the fluid reaches smaller radii.

The maximum value of the radial pressure gradient has
been determined from each of several additional experi-
ments; all are plotted vs mass flow rate per foot of vortex
tube length, with exit-hole diameter and cylindrical wall
static pressure as parameters, in Fig. 13. As can be seen,
the rate of change of the maximum pressure gradient
with mass flow rate is a strong function of exit-hole
diameter and cylindrical wall static pressure for the low
flow rates and smaller exit holes. Also, it appears that the
maximum pressure gradient approaches a maximum for
each exit-hole diameter and approaches a minimum for
each cylindrical wall pressure. The radial positions of the




JPL TECHNICAL REPORT NO. 32-808

190 — .
Py B500 cm Hg (abs)
40\:( re/rw=0.083
§120 \ N
— 300 /
£ 3
Qlx
}\\ 200 %
c i~ 00 \ N N
v [® \

80

AN

60

[oNRY

AN

40

0.139

100

20 A \

T

167

MAXIMUM RADIAL PRESSURE GRADIENT <

AN A

éﬁégx—

>-—K""

S —
<~ |
I

\/
IR{B}

t— 0.222

003 004

0.05

0.06 0.07 0.08 0.10

NITROGEN MASS FLOW RATE m, tbm/sec- 1

Fig. 13. Effects of exit-hole radius, pressure level, and mass flow rate on the maximum radial pressure gradient

maximum radial pressurc gradient corresponding to
the points of Fig. 13, are shown in Fig. 14. It can be seen
that for any given exit-hole diameter the shift inward is
slight as the mass flow rate increases, but that the shift is
relatively great as the exit-hoie diameter is decreased at
either constant mass flow rate or constant cylindrical wall
static pressure at the low pressure levels. Note also that
under all conditions investigated, the maximum radial
pressure gradient occurs well inside the exit-hole radius.

2. Effect of Sampling Probes on the End-Wall
Static-Pressure Distribution

Since very little quantitative information on probe ef-
fects in rotating flows is available, a limited experimental
investigation was made in order to determine the magni-
tude and nature of these disturbances. The experiments
were performed in vortex tube B, with nitrogen. Only
probes that were similar to the sampling probe described
in this Report were investigated. Variations in exit-hole
diameter, probe axial location, and mass flow rate were

made, and measurcments were taken to indicate the effect
of probe diameter at each condition.

The detailed effect of this type of probe on the radial
static pressure distribution, as measured on the closed
end wall, is shown in Fig. 15. The probe diameter was
0.042 in. and the probe was located 8.00 in., or 2.67 vortex
tube diameters, from this end wall. Introduction of the
probe caused the cylindrical wall static pressure to drop
from 205 to 182 cm Hg (abs) while the manifold pressure
was held constant at 280 cm Hg (abs). The wake of the
probe must act as a shunt, much the same as the end-wall
boundary layers discussed in Ref. 2, providing a sec-
ondary path through the vortex for part of the injected
fluid. This secondary path, both in the probe wake and
end-wall boundary layers, must offer less resistance to the
radial flow, resulting in the observed decrease of cylin-
drical wall static pressure as the probe is inserted. The
result of the decreased cylindrical wall static pressure
was to increase the tangential velocity near the cylindri-
cal wall (Ref. 8), and this was reflected as an increased
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Fig. 14. Radial location of the maximum radial pressure gradient

radial pressure gradient at large radii. However, this
increase in tangential velocity was restricted to regions
near the cylindrical wall; actually, the probe decreases
the tangential velocity in the rest of the flow field. To
keep the cylindrical wall static pressure the same, with
and without the probe in position, as is shown in Fig, 15,
the manifold pressure had to be increased by 12%
when the probe was introduced. This increase in mani-
fold pressure and hence in mass flow rate, necessitated
by the introduction of the probe, also produced a de-
crease in static-pressure ratio varying from zero at the
cylindrical wall to 0.6% at the centerline. In Fig. 15, note
the increased radial pressure gradient at large radii, in
this case caused by the increased mass flow rate since the
cylindrical wall static pressure was held constant. Note
also the decrease in the maximum radial pressure gra-
dient, and hence tangential Mach number, caused by the
probe and its wake shunting fluid from the vortex free
stream. Since the binary diffusion process in a vortex flow
is strongly dependent on the radial pressure gradient, this
type of probe disturbance is extremely important.

To investigate the gross effect of probe diameter on

vortex strength at various mass flow rates, the pressure
difference between the cylindrical wall and the center-
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line was measured on the closed end wall. This pressure
difference Ap, normalized with respect to itself with no
probe inserted, is shown in Fig. 16. Probe diameters
varying from 0.003 to 0.042 in. were inserted at a station
8.00 in. from the closed end wall, and the mass flow rate
was varied from 0.025 to 0.052 lbm/sec by varying the
manifold pressure. It is again apparent that changes in
mass flow rate have little effect on the gross nature of the
disturbance. However, the strong effect of probe size on
the gross vortex performance indicates the need for keep-
ing the probe diameter at a minimum.

For three different exit-hole diameters but constant
manifold pressure and with no probes inserted, the radial
distributions of the tangential Mach number M, were
computed from the radial static-pressure distributions as
measured on the closed end wall, from the following form
of the radial momentum equation:

[ r/rw dInp/pw\™
M‘_< y X dr/ry ) )

where v is the ratio of specific heats. An experiment was
then performed at the same manifold pressure in order to
determine the tangential Mach number at the radius at
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which the tangential Mach number for the no-probe
experiment was found to be a maximum for each of
several probe diameters, and for each of several exit-hole
diameters. The ratio of this approximate maximum tan-
gential Mach number M,, to the undisturbed maximum
(M (1)a-0, is shown in Fig. 17 as a function of probe diam-
eter with exit-hole diameter as a parameter. It can be
seen that for any given probe diameter, the decay of the
tangential Mach number is reduced by increasing the exit-
hole diameter. This result is probably due to an increase
in the tangential Mach number near the cylindrical wall,
the maximum tangential Mach number, and the mass
flow rate, or to what is tantamount to a general increase
in the total vortex strength as the exit-hole diameter is
increased while the manifold pressure is held constant.
It is again apparent that the probe diameter must be
kept small in order to minimize this disturbing influence.

To investigate the axial distribution of the disturbance
caused by the sampling probe, a 0.042-in.-D probe was
moved axially toward the closed end wall, in discrete
steps. Again, the pressure gradient at the radius of the
undisturbed maximum tangential Mach number was de-
termined and converted into tangential Mach number;
results are shown in Fig. 18. It appears that the entire

vortex flow is disturbed equally by the presence of a
probe. This is not surprising since large axial pressure
gradients would be difficult to support in this type of
flow. Of course, the probe’s wake, like the end-wall
boundary layers, generates secondary flows that alter the
velocity field in the axial direction, but this effect is not
discernible from end-wall pressure measurements. As
expected, when the probe was placed in the end-wall
boundary layer the pressure distribution on that end wall
was completely changed and could not reflect the effect
of the probe on the primary vortex flow.

C. Measurements of the Heavy to Light Gas
Mass Density Ratio

The local effect of the radial pressure gradient on a
binary mixture was determined for three values of the
cylindrical wall static pressure and for an exit-hole diam-
eter of 0.625 in.

1. Low-Strength Vortex (m,;, = 0.0042 lbm/sec-ft)

a. Pressure and Mach number distributions. The radial
distributions of static pressure and tangential Mach num-
ber corresponding to the minimum cylindrical wall static
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Fig. 17. Effect of sampling probe diameter on the maximum Mach number
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pressure used are shown in Fig. 19. This pressure distri-
bution, measured in a pure hydrogen vortex on the closed
end wall of the vortex tube, was obtained with the
0.010-in.-D sampling probe installed at a station midway
between the end walls (Z/D =2.68). The exit-hole center
plug was adjusted axially until the centerline pressure at

the closed end wall was minimized. At this position, the
exit gap & was 0.040 in. and the corresponding exit area
was (.18 in* Note that the tangential Mach number dis-
tribution displays a minimum at a radius ratio of approxi-
mately 0.8. This behavior seems to be characteristic of
the Mach number distribution obtained at low mass flow
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Fig. 19. Radial static pressure and tangential Mach number distributions for low-strength vortex
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rates and can be predicted (Ref. 10) by taking into
account, in a simple way, the effect of friction on the
cylindrical and end walls of the vortex tube.

b. Effect of heavy gas mass flow rate. Argon was
injected at a measured rate into the hydrogen and the
two gases were premixed before they were injected into
the vortex tube. The radial distribution of the ratio of
argon to hydrogen mass densities p,/p; was measured at
the midstation (Z/D=2.68) and is shown normalized
with respect to the density ratio in the vortex tube mani-
fold (pu/p.),,,» in Fig. 20. The ratio of argon to hydro-
gen mass flow rates was 0.0240 and is equal to the mass
density ratio of the mixture in the vortex tube manifold.
Distributions, such as those in Fig. 20, show directly the
effect of the pressure-gradient-induced diffusion on the
homogeneous binary gaseous mixture, since, if there were
no diffusion, the density ratio would be constant for all
radii and equal to the density ratio in the vortex tube
manifold. This profile displays characteristic gradual
increase of density ratio with decreasing radius at large
radii, a maximum ratio at a relatively small radius, and
then a sharp decrease to the minimum density ratio near
the vortex tube centerline. However, only the profiles
obtained at this low hydrogen mass flow rate have that
peculiar inflection point evident at a radius ratio of 0.13
(Fig. 20), and a rather broad distribution near the maxi-
mum density ratio. A second profile was obtained under
the same conditions, except that the argon mass flow rate
was reduced by approximately a factor of two. For com-
parison, this second profile is also shown in Fig. 20. Note
that the density ratio relative to that in the manifold
(enrichment factor) increases as the heavy gas mass flow
rate decreases. This effect seems to be exaggerated in the
figure, possibly because of some uncorrectable drift in
the original data; however, it will be shown below that this
effect is generally true. Both profiles reach their minimum
at a finite radius, then increase as r is reduced further.
This behavior is also general and will be discussed further
in a subsequent section.

By using the experimentally determined boundary con-
ditions and parametric values listed in Fig. 20, analytic
density ratio distributions were computed from Eq. (2)
and are shown for comparison in Fig. 20. For this com-
putation, and for all others to follow, it was assumed that

T, = T‘w
mll/ml, = (pll/pll)m:m
I’ = Alr(ul Fmax) X anx X (YI;gcRIATt“»)%

and the binary collision cross section ¢, was estimated
by the methods of Ref. 11. Also, 7.« was taken as the
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average radial location of the maximum density ratio for
each hydrogen mass flow rate used. In addition, Eq. (3)
was inverted to obtain

(pH/pL)max 2

7;114 = — a v
mll/mh Tmax

( T°° Tax _al) m, <1 mL>

X = 1 -
a_r. (p”/p") lzuux + a_: (pll/pll)umx + 1]

— m" 2
X <1 + mL> [ 3

mn Fz.| Slon)

8)

This gives a means of determining the theoretical light
gas mass flow rate m,, based on the experimentally deter-
mined parameters, that is necessary to place the maximum
density ratio at the point at which it was found experi-
mentally. The light gas mass flow rate, computed in this
way for the two experiments shown in Fig. 20, indicates
that m, decreased by a factor of two as m,/m,, decreased
by the same amount. It is unlikely that m,, actually de-
creased in the experiments since the only significant
difference between the two experiments was a small
change in the heavy gas mass flow rate and this variation
could not effect such a change in the basic flow field.
Therefore this apparent variation of m,, is caused by the
difference between the theoretical model and the actual
flow, or an error in the experimentally determined param-
cters. If it was caused by an error in the experiments,
Eq. (8) serves to indicate the type of errors responsible.
To illustrate, Eq. (8) can be approximated, for this prob-
lem, by the following:

constant

R VLV
max (pH/pL)mux

9)

7';'11‘%

Therefore, if in fact the maximum enrichment factor
increases as the ratio of mass flow rates decreases, ryax
should also decrease. Although the experimental distri-
butions of Fig. 20 are too broad to determine a change in
Twax, Other experiments, to be discussed subsequently,
do show a slight decrease in ru.. as M, /m, is reduced.
Note that if r,,, does decrease as m,/m,, decreases, the
increase of the maximum enrichment factor is even
greater than is shown by the curves of Figs. 5, 6, and 7.
The ratio of the theoretical light gas mass flow rate to
the hydrogen mass flow rate used in the experiment,
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M./ My, is also shown in Fig. 20. Additionally, this figure
shows the experimental density ratio distributions to be
broader than the corresponding analytic distributions.
This result was found for all comparisons made and
might be due to the influence of the sampling probe or
turbulence.

c. Effect of heavy gas molecular weight. To investigate
the effect of heavy gas molecular weight on the density
ratio distributions, Freon-13 (chlorotrifluoromethane) with
a molecular weight of 104.5 and Freon-13B1 (bromotri-
fluoromethane) with a molecular weight of 148.9 were
substituted, in turn, for the argon in the experiment
described above. The radial distributions of the mass

density ratio for the three heavy gases at approximately
the same heavy gas mass flow rate are shown in Fig. 21.

For each heavy gas, the distributions show the same
general characteristics. The principal differences are that
the maximum and minimum enrichment factors increase
and decrease, respectively, with increasing molecular
weight. It is believed that these differences would be
more pronounced if, in each of the experiments of Fig. 21,
the ratio of mass densities in the vortex tube manifold
were the same. The measured density ratio at the vortex
tube cylindrical wall is greater than the ratio in the
vortex tube manifold, a result that was found in all
the experiments performed.
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2. Medium-Strength Vortex (my;, = 0.0085 Ibm/sec-ft)

a. Pressure and Mach number distribution. With a
cylindrical wall static pressure of 150 cm Hg (abs) and
the 0.010-in.-D sampling probe installed at the station
nearest the closed end wall (Z/D=0.17), the radial dis-
tribution of static pressure was measured for a pure
hydrogen flow. For this hydrogen mass flow rate of
0.017 Ibm/sec, the optimum position for the center plug
was found when § =0.057 in. and the exit area was 0.26 in®.
This distribution, together with the computed radial dis-
tribution of tangential Mach number, is shown in Fig. 22.
The static pressure on the end wall containing the exit
orifice was also measured and is shown for comparison
in Fig. 22. Note that the cylindrical wall static pressure,
measured on the two end walls, differs by approximately
1%. This was confirmed by using a water-filled U-tube
manometer to measure the difference directly. Although
this pressure difference is small, it can induce large axial
velocities. In fact, by using the Bernoulli equation,
w = [(2/p)ap]™, to calculate the upper limit on the
induced velocity, a velocity of the same order as the local
tangential velocity is obtained. Included in Fig. 22 is the

pressure profile for an isothermal vortex with a potential
velocity distribution (var) given by

P sv'ﬁv TH Tw\?

o exp? SRT |:1~ (7) :Is (10)
It is interesting to note that for an isothermal process the
static pressure goes to zero at the vortex centerline,
whereas it can easily be shown that for an isentropic
process the pressure goes to zero at a finite radius. The
tangential Mach number distribution for an isothermal
vortex with a potential velocity distribution is also shown
in the Figure, for comparison with the experiment. For
convenience, these theoretical distributions were matched
arbitrarily to the measured static pressure ratio and tan-
gential Mach number at the cylindrical wall (#/r,=1).
This may not be the most realistic match point, since a
large part of the flow adjacent to the cylindrical wall
should be greatly affected by the presence of the concave
wall and the driving jets. However, it is by no means
clear at this time what the nature of these effects are, and
at what radius they become insignificant. It is believed
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Fig. 22. Radial static pressure and tangential Mach number distributions for a medium-strength vortex
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that the remaining difference between the theoretical and
experimental distributions is due to viscous shear, tur-
bulence, and the axial flows induced by the end-wall
boundary layers.

The radial static pressure distribution along the closed
end wall was also determined with the sampling probe
located at 1.35, 2.68, 4.02, and 5.20 vortex tube diameters
from the closed end wall. With the probe at Z/D =1.35,
2.68, and 4.02, the pressure on the centerline was above
that shown in Fig. 22 by approximately 1 cm Hg, but the
profiles were essentially the same at radius ratios greater
than 0.025. With the probe at Z/D=35.20, the centerline
pressure was above that shown in the Figure by 4.0 ecm Hg,
and the two profiles were the same at radius ratios greater
than 0.050. Therefore the axial position of the sampling
probe has only a small effect on the radial static pressure
distribution as measured on the closed end wall. How-
ever, these small pressure changes could result in large
variations of the axial velocity in the vicinity of the
centerline.

b. Variation of density ratio distributions with axial
position. For the same vortex tube configuration and
cylindrical wall static pressure and approximately the
same mass flow rates of hydrogen and Freon-13, the radial
distribution of the heavy to light gas mass density ratio
was measured at the five axial positions stated previously.
These distributions are shown in Fig. 23, normalized with
respect to the mass density ratio in the vortex tube mani-
fold. This ratio of mass densities in the vortex tube
manifold is equal to the ratio of heavy to light gas mass
flow rates of the injected homogeneous mixture,

The most striking difference in the distributions is the
change in both the maximum and minimum density ratio
as a function of axial position. It is well known that a
major portion of the fluid injected into the vortex is
drawn into the boundary layer on the vortex tube end walls
and is then accelerated radially inward by the free-
stream radial pressure gradient that is impressed on the
boundary layer. On the closed end wall, this boundary
layer fluid must eventually erupt from the surface near
the centerline and flow axially down the tube. It is be-
lieved that this flow, which originates at the larger radii,
brings to the core of the vortex a concentration ratio that
is not much greater than that of the manifold since it
probably flows radially through the high pressure gra-
dient too fast for the generated diffusion rate to have a
significant effect on its relative concentration. This erupt-
ing boundary layer fluid might then dilute the mixture
at radii of maximum heavy gas concentration in radial
planes near the closed end wall and enrich the would-be
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low concentration near the center of these same planes.
As this fluid, which flowed through the boundary layer
along the closed end wall, flows axially down the tube,
its heavy gas concentration is probably altered by the
radial pressure gradient. That is, the strong positive radial
pressure gradient and the weak positive concentration
gradient found in planes near the closed end wall would
induce an outward radial diffusion velocity of the heavy
species. This is suggested by the expression for the heavy
gas diffusion velocity, i, simplified for this problem
where the density ratio is much less than one and is
given by

l-l-” = DLII [(% _1> (;—lrln p _ % ln %] (11)
L i

D,y is the binary diffusion coefficient, m;, and m, the
molecular weight of the heavy and light species respec-
tively, p the sum of the heavy and light gas partial pres-
sures, and p, and p, the mass densities of the heavy and
and light species, respectively. This diffusion velocity is
relative to the mass average radial velocity. Now the
radial component of the heavy gas mass flow rate per unit
length can be written as

my = 27TTPM<“0+1711) (12)

The variable u, is the mass average radial velocity of the
binary mixture; however, since the heavy gas density is
much less than that of the light gas, u, is approximately
equal to the radial velocity of the hydrogen. Throughout
most of this axial core flow, here defined as that fluid
which erupted from the end-wall boundary layer, the
radial velocity of the hydrogen is probably zero, or very
nearly zero, which means that the heavy gas diffusion
velocity will cause a net flow of the heavy species radially
out of this core as the fluid mixture flows along the vortex
tube centerline. This net radial outflow will continue
until a radius is reached at which the inward mass aver-
age radial velocity just equals the heavy gas diffusion
velocity. Qutside this radius ratio the inward radial mass
average velocity u, is probably greater in magnitude than
the heavy gas diffusion velocity, resulting in a net inward
flow of heavy gas. The result of this entire flow and
diffusion process could be a maximum concentration at
approximately this critical radius and the observed
increasing maximum and decreasing minimum concen-
tration as the core fluid flows down the tube. As this fluid
flows along the centerline, the positive density ratio
gradient inside the peak concentration point becomes
greater and since it counteracts the effect of the radial
pressure gradient, an equilibrium might be reached be-
tween these two effects, resulting in a zero diffusion
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velocity at some point downstream of the closed end wall.
It appears that such an equilibrium may not have been
reached in the 24-in.-long vortex tube used in the experi-
ment shown in Fig. 23 since the density ratio at, for
example, a radius ratio of 0.07, appears to be still decreas-
ing between Z/D=4.02 and 5.20. If this flow and dif-
fusion model is correct, no such equilibrium should exist
outside the peak concentration point since the heavy gas
should be diffusing uniformly into the region of maxi-
mum concentration from the free stream along the length
of the vortex tube.

Besides the core flow described above, two other
regions of strong axial flow have been observed in an
incompressible vortex-type flow similar to the type used
in these separation experiments (Ref. 3). The core flow in
Ref. 3 was designated A and a second axial flow, desig-
nated B, was found to originate at the boundary layer on
the end wall containing the exit hole. This flow sur-
rounded the core and flowed axially in the opposite
direction, penetrating the full length of the vortex tube.
It was also observed that this flow occurred just outside
the exit-hole radius for all diameters used. As this axial
flow reached the closed end wall it split, with a part
flowing radially inward and merging with the core, and
the remainder flowing radially outward and merging
with the third observed axial flow C. This third flow
originated at the closed end-wall boundary layer at large
radii, and flowed just outside and in the opposite direction
to B, losing its identity as it approached the end wall
containing the exit hole. For a detailed diagram of this
complicated flow structure, see Ref. 3. If these counter
flows had been present in the experiments of Fig. 23 they
would have been found at a radius ratio greater than
approximately 0.15, according to the results of Ref. 3,
and hence would have occurred in regions of almost
uniform density ratio. Therefore they probably could
not have a significant effect on the density ratio dis-
tributions in the same way as does the core low. How-
ever, they could affect the distributions indirectly since
their occurrence probably does have an effect on the
basic flow field and pressure gradient distribution.

Two analytic density ratio distributions were com-
puted for conditions corresponding with the experiments
made at Z/D = 0.17 and 5.20 of Fig. 23; they are also
shown in this figure. The relatively large light gas mass
flow rate m,, computed for the experiment at Z/D = 0.17,
is due to the small r,. assumed for the computations.
The general result, that the theoretical profiles are nar-
rower than the experimental results and that the theo-
retical density ratio does not increase again at small
radii as do those of the experiments, is again apparent.
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The experimental density ratio increase at small radii is
probably due to the viscous core flow, which has been
discussed, and if so could not be predicted with the
present two-dimensional inviscid theory. The minimum
density ratio and the maximum tangential Mach number
occur at approximately the same radius. Inside this
radius the radial pressure gradient decreases rapidly,
resulting in a lower diffusion velocity and hence a higher
density ratio in this part of the core flow.

To help clarify this complex flow, the heavy gas diffu-
sion velocity has been computed from the experimental
data by using the following equation for the heavy gas
diffusion velocity in a binary gaseous mixture:

(Ge-1) (&3
iy, = Do)\ pr M) d_ g p

Tw I._ mu/my, (pu/pL + 1) dr/ry = pw

L dInp,/p.
B 13
(pu/p. + 1) dr/ry (13)

This equation has been normalized with respect to a
reference radius ry taken as the experimental vortex tube
radius, and the static pressure p,- measured at the vortex
tube cylindrical wall. Notice that for these experiments,
in which p,/p, «1, Eq. (11) normalized with respect
to pw and ry could have been used with very little error
since Eq. (11) is a simplified form of the more general
Eq. (13).

The radial distribution of the pressure gradient

dlp

dr/re Dw

was obtained by graphically differentiating the pressure
distribution of Fig. 22 and dividing the results by p/pu.
This distribution is shown in Fig. 24, together with a
theoretical distribution computed from the radial momen-
tum equation, and the energy equation written for a
binary potential vortex flow:

d 1, P #muF"'<

1+ P///PL ) Iy
i LA —- (14
dr/ry n Pw k e ( )

my/m,, + pu/p.) r*T
(n.‘l,,/n‘i,‘ + 1) 22

my C,;
28:Co, (m_ c, 1)

L

T=T,— (15)
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For the theoretical distribution of Fig. 24, the density
ratio distribution and ratio of mass flow rates of Fig, 23
(Z/D = 5.20) was used and I' was chosen so that the
theoretical pressure gradient equaled the experimental
value at the radius at which the density ratio was a
maximum.

The pressure gradient term of Eq. (13), corresponding
to the density ratio distribution of Fig. 23 (Z/D = 5.20)
and experimental pressure gradient distribution of Fig,. 24,
is represented by the open diamond symbol in Fig. 25.
The density ratio gradient term of Eq. (13), obtained
by graphically differentiating the distribution at Z/D =

5.20 in Fig. 23, is also shown in Fig. 25 by the half-
closed diamond symbol. The difference between these
two distributions is the nondimensional heavy gas diffu-
sion velocity @u/(Dyu/rw). The density ratio gradient
has very little influence on the diffusion velocity for radii
greater than r,,,,, and for radii less than 7., it subtracts
from the pressure gradient term by as much as 20%.

The radial distribution of this nondimensional diffusion
velocity has been determined for three of the experi-
ments shown in Fig. 23 and is represented in Fig. 26
by triangles (Z/D = 0.17), circles (Z/D = 2.68), and
diamonds (Z/D = 5.20). It is apparent that the slope
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and level of the experimental density ratio distributions
have only a small influence on the diffusion velocity; hence
this velocity is caused primarily by the radial pressure
gradient. It is believed that the static pressure measure-
ments of Fig. 22 are representative of the entire flow
field; hence the values in Fig. 26 should be reasonably
accurate, provided that the flow is laminar, or, if it is
turbulent, that the effects of turbulence can be repre-
sented by a modified D,,. The influence of this diffusion
velocity on the flow of heavy gas is dependent on the
radial mass average velocity u, as shown by Eq. (12);
however, the radial distribution of u, is unknown except
for the idealized two-dimensional model.

By estimating the binary diffusion coeflicient D, by
the methods of Ref. 11, some idea of the magnitude of
the heavy gas diffusion velocity in a laminar flow can be
obtained. This calculation, made for the three distribu-
tions of u,/(D,/rv) previously discussed and shown in
Fig. 26, is shown in Fig. 27. By assuming the flow to be
isothermal and p,/p, « 1, the radial distribution of the
mass average velocity u, was computed and is also shown
in Fig. 27. This is an upper limit on u, since the compu-
tation is based on a two-dimensional vortex in which the
mass flow rates are constant with radius. In a real vortex
tube u, would be less than this for r < r, and would
probably have a different radial distribution, In fact, the
radial variations of p,/p;, found experimentally, are an
indication that the actual u, is much smaller than that
shown in Fig. 27, for if the generated diffusion velocities
are to have a measurable effect on the binary flow, u,
must be of the same order as #, (Eq. 12). Also, since
the diffusion velocity is relative to the mass average
velocity, the algebraic sum of these two velocities gives
the absolute radial velocity of the species u,. Fig. 27
shows this velocity to be everywhere negative or inward,
If the heavy gas is to flow radially outward, as it is
believed to do in the core, u,| must be less than u,, or
u, must itself be positive or outward. Hence, the actual
radial flow of hydrogen in a real vortex tube is much
less than what would occur if the flow were truly two-
dimensional.

c. Effect of mass flow rate ratio m,/m,. For the same
cylindrical wall static pressure, vortex tube configuration,
and hydrogen mass flow rate, the radial distribution of
the heavy to light gas mass density ratio was measured
at the station nearest the end wall containing the exit
hole (Z/D = 5.20) for two mass flow rates of Freon-13
(Fig. 28), and two mass flow rates of argon (Fig. 29).
Both figures again demonstrate that the enrichment factor
(Pu/pL)/ (Pu/Prluwan increases when there is a decrease in
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Fig. 27. Radial distribution of the diffusion and mass
average velocity

the density ratio in the vortex tube manifold or the ratio
of heavy to light gas mass flow rates. This phenomenon
is probably due, in part, to the fact that the heavy gas
diffusion velocity increases as the level of the heavy
gas density is decreased for radii greater than r,.,, as
suggested by Eq. (13). Also, in the discussion of Fig. 23
it was postulated that the mass average velocity for radii
less than that of the peak density ratio ry.. is insignifi-
cantly small, so that the diffusion velocity is the absolute
outward heavy gas velocity. In this region of the vortex
the density ratio gradient term is positive; therefore, as
it increases because of the decreased density ratio level
as suggested by Eq. (13), the outward heavy gas velocity
decreases, causing the observed increase of the density
ratio for radii less than r,,,,. In both Figs. 28 and 29, the
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radius at which the density ratio profile reaches a maxi-
mum ., appears to decrease as the ratio of mass flow
rates my/m,, decreases. However, by computing the theo-
retical light gas mass flow rate my, for the experiments of
Fig. 29, it was found that the measured shift of r,,, was
still not enough to satisfy Eq. (9). This may be an indi-
cation that the sampling probe obscures the true location
of the maximum density ratio.

d. Effect of heavy gas molecular weight m,. Again,
for the same vortex tube configuration, cylindrical wall
static pressure, and hydrogen mass flow rate, the radial
distribution of the heavy to light gas mass density ratio
was measured at the station nearest the exit hole
(Z/D = 5.20) for three different heavy gases. The gases
used were argon with a molecular weight of 39.94,
Freon-13 with a molecular weight of 104.47, and per-
fluoropropane (C,F) with a molecular weight of 188.03.

The results are shown in Fig. 30. Because the ratio of
heavy to light gas mass flow rate varied from 2.7 to 4.1%,
it is not possible to ascribe the differences in enrichment
factor between the three distributions to molecular weight
only. However, comparing the distribution for argon with
that for C,F,, one can conclude that the enrichment factor
does increase as the heavy gas molecular weight increases,
since if the ratio of mass flow rates for the argon experi-
ment were increased to 4.1% or that of the C,F; decreased
to 3.2%, these two distributions would be even further
separated, according to the results of Figs. 28 and 29.
Also, there appears to be a tendency for the distributions
to have a sharper peak in the region of maximum density
ratio as the heavy gas molecular weight increases.

e. Effect of light gas molecular weight m,. With the
sampling probe at 4.02 vortex tube diameters from the
closed end wall, the radial distribution of the heavy to
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Fig. 30. Effect of heavy gas molecular weight on the density ratio distribution
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Fig. 31. Effect of light gas melecular weight on the density ratio distribution

light gas mass density ratio was measured for a mixture of
nitrogen and Freon-13. The results are shown in Fig. 31,
together with a distribution made with a hydrogen-
Freon-13 mixture at the same cylindrical wall static
pressure and approximately the same Freon-13 mass flow
rate. In order to maintain the same cylindrical wall static
pressure and hence the same radial static pressure dis-
tribution with the same configuration, the nitrogen mass
flow rate had to be greater than that of the hydrogen
experiment. This made the heavy to light gas density
ratio in the vortex tube manifold for the nitrogen experi-
ment less than that of the hydrogen experiment; hence
the density ratio level of the two experiments should not
be compared. However, the lack of a definite peak in the
density ratio distribution and the higher relative density
ratio level near the vortex tube centerline for the nitrogen
case demonstrate the effect that the much higher nitro-
gen molecular weight has on the diffusion process. The
fact that the Freon-nitrogen density ratio is 4 to 5%
higher than the manifold value at large radii was not
expected because the low molecular weight ratio of the
Freon-13-nitrogen mixture makes the pressure gradient
term in Eq. (13) small. Possibly an error was made in
measuring the manifold density ratio.

f- Effect of injecting heavy gas directly into the vortex
tube. All the separation experiments discussed so far
were made by premixing the light and heavy gases and
injecting the uniform mixture into the vortex tube through
the driving jets. A second type of separation experiment
was performed in which pure hydrogen was injected
through the driving jets and the heavy gas was added to
the system through an orifice at the center of the ciosed
end wall. The purpose was to inject the heavy gas
directly into the core flow discussed above (Subsection 2,
Part b). The heavy gas injector is shown in Fig. 3. The
heavy gas was injected into the vortex from a 0.238-in.-D
cylindrical hole located at the center of the closed end
wall. It emerged with a swirl component of unknown
strength in the same direction as that of the external
vortex. The results of two experiments made with this
injector, in which argon was the heavy gas, are indicated
by the circles and squares in Fig. 32. The results of a
third experiment, to be discussed subsequently, are also
shown in this figure and are indicated by triangles. These
results are presented as the heavy to light gas density
ratio normalized with respect to the heavy to light gas
mass flow rate since the density ratio in the vortex tube
manifold was zero at all times. However, because of the
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Fig. 32. Results of injecting argon directly into a vortex

equivalence between the ratio of mass flow rates and
the ratio of densities in the manifold for a uniform mix-
ture, the results in Fig. 32 can be compared with the
other diffusion experiment results. In this Figure, the only
difference between the two experiments now under dis-
cussion was the heavy gas mass flow rate, which was
approximately 1% of the hydrogen mass flow rate in one
experiment and 2.5% in the other. The variation in the
heavy gas mass flow rate probably caused a variation in
the heavy gas tangential and axial velocity at the point
of injection. The experiments were performed at a station
that was 5.20 vortex tube diameters from the point of
heavy gas injection, and it was found that by the time
the heavy gas reached this station, most of it had dif-
fused outward to radii greater than the injection radius.
In fact, for the higher flow rate experiment it appears
that some heavy gas found its way to the vortex tube
cylindrical wall. Note also the great similarity in the two
distributions, differing only in magnitude at the radius of
maximum density ratio and at large radii.
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To reduce the heavy gas axial velocity at the point
of injection, and also to promote mixing with the hydro-
gen in the end-wall boundary layer, a deflector plate was
mounted as shown in Fig. 3. This deflector plate forced
the heavy gas to spiral out to a radius ratio of 0.163 before
blending with the hydrogen. The density ratio was again
measured at a station that was 5.20 vortex tube diameters
from the argon injection point for a heavy gas mass flow
rate approximately 0.6% that of the hydrogen. This dis-
tribution is also shown in Fig. 32, indicated by triangles.
In this case the maximum density ratio was found at a
radius ratio less than that at which the heavy gas was
injected. Also, with the reduced axial velocity, a consid-
erable amount of heavy gas managed to find its way to
the cylindrical wall, possibly indicating the existence of
secondary currents.

With the deflector plate again in place, a second heavy
gas, sulfur hexafluoride (SFy), was used and the results
were compared with those of a similar argon experiment
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Fig. 33.

(Fig. 33). A similarity between the two distributions is
again evident, with the maximum and minimum density
ratios occurring at approximately the same radii. In these
experiments, the maximum density ratio was found at the
same radius as in the experiments in which the two gases
were premixed and the hydrogen mass flow rate was the
same (Fig. 29). It is believed that this result reinforces
the conviction that the density ratio distributions are
primarily governed by the axial core flow, discussed pre-
viously, and not by the inward-flowing heavy gas assumed
for the model of Ref. 1. The density ratio distributions in
the region of the maximum density ratio display the same
characteristic gradual increase to a maximum as the
radius is reduced, followed by a relatively sharp decrease
after the maximum is reached, which is evident in the
experiments using premixed fluids.

As was done previously, the nondimensional heavy gas
diffusion velocity for the experiment, represented by tri-
angles in Fig. 32, was determined; the velocity is shown

Results of injecting sulfur hexafluoride directly into a vortex

in Figs. 25 and 26 by square symbols. The pressure
gradient term shown in Fig. 25 is approximately one-half
that for the Freon-13 experiments because of the lighter
heavy gas (argon) used in the experiment of Fig. 32. The
density ratio term, also shown in Fig. 25, is negative over
some portions of the vortex because of the high negative
density ratio gradients. Because of the low heavy gas
molecular weight and high density ratio gradients, the

diffusion velocity approaches zero at one point (Fig. 26).

3. High-Strength Vortex (m,,, = 0.022 lbm/sec-ft)

a. Pressure and Mach number distribution. In order
to further check the effect of hydrogen mass flow rate
on the density ratio distributions, measurements were
made for a light gas mass flow rate of 0.022 lbm/sec-ft.
The vortex tube configuration was kept the same; there-
fore the cylindrical wall static pressure was increased
from 150 to 370 cm Hg (abs). The exit gap & was set at
0.096 in., providing an exit area of 0.45 in®>. The radial
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distribution of static pressure on the closed end wall,
made while the sampling probe was installed at a station
that was 2.68 vortex tube diameters from the closed end
wall, is shown in Fig. 34. Also shown is the radial distri-
bution of tangential Mach number computed from the
static pressure distribution.

b. Effect of heavy gas mass flow rates. Freon-13 was
premixed with the hydrogen before injection, and the
radial distribution of heavy to light gas density ratio was
measured for five values of the manifold density ratio at
a station that was 2.68 vortex tube diameters from the
closed end wall. For these five experiments, the binary

mixture was sampled at radii near the expected radius of
maximum density ratio only; the results are shown in
Fig. 35 and again demonstrate the effect of mass flow
ratio on the maximum enrichment factor. The radial
position of the maximum density ratio is the same as it
was found to be in the experiments at which the cylin-
drical wall static pressure was 150 ecm Hg (abs). There
appears to be a slight shift of r,,, toward the centerline
as the mass flow ratio decreases. Again, by computing
the theoretical light gas mass flow rate (Fig. 35), it is
apparent that the observed small decrease of 7., is not
large enough to account for the increase in the maximum
enrichment factor with decreasing mass flow ratio.
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Fig. 34. Radial static pressure and tangential Mach number distributions for a high-strength vortex
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IV. CONCLUSIONS AND SUMMARY OF RESULTS

A. Analytical Development

An analysis has been presented for a binary, two-
dimensional (no axial velocities), axisymmetric, steady,
compressible, potential vortex flow and a laminar diffusion
process with no heat generation or chemical reactions. It
was assumed that the two species would differ, at least in
molecular weight, and that the flow would be radially
inward. The results obtained from this analysis are:

1

The radial distribution of p,/p; has but one maxi-
mum and the radial location of this maximum
increases as the radial light gas mass flow rate de-
creases. Also as this mass flow rate decreases, the
distributions become broader in the vicinity of this
maximum.

. There exists a critical light gas mass flow rate with

respect to achieving large maximum enrichment
factors. If, for any given set of conditions, the actual
radial mass flow rate is greater than this critical rate
the maximum enrichment factor is modest, whereas
if the mass flow rate is reduced below the critical,
the maximum enrichment factor becomes very large.

. This critical mass flow rate increases approximately

as the first power of the heavy gas molecular weight
and approximately as the square of the circulation,
but is very nearly independent of the heavy to light
gas particle flow rate ratio.

. If the actual radial mass flow rate is less than critical,

the maximum enrichment factor is approximately
inversely proportional to the heavy to light gas mass
flow ratio.

For any given set of conditions, the maximum en-
richment factor increases as the heavy gas molecu-
lar weight increases.

B. End-Wall Static-Pressure Measurements

From the radial static pressure distribution on both
end walls of a jet-driven vortex tube in which the fluid
was extracted through an orifice at the center of one end
wall, it was found that:

1.
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The radial pressure gradient driving potential for
mass diffusion in a vortex-type flow is finite but
small at the vortex periphery, rises to a maximum
value very near the vortex centerline, and then de-
creases to zero at the centerline,

2. The maximum radial pressure gradient increases
with increasing mass flow rate and with decreasing
exit orifice diameter or increasing peripheral static
pressure,

3. The radial location of the maximum radial pressure
gradient is always inside the exit-hole radius,
increases with increasing exit-hole radius, and is
almost independent of mass flow rate.

4. A significant effect of the type of probe described
is to decrease the maximum radial pressure gradient
equally over the vortex tube length. This effect is
lessened as the probe diameter is decreased, or as
the tangential velocity is increased.

C. Radial and Axial Distributions of the
Density Ratio p,/p,,

From heavy to light gas mass density ratios, as mea-
sured at several axial and radial positions in a jet-driven
vortex tube by withdrawing samples of the binary mix-
ture with a probe for analysis, it was found that:

1. Although there is qualitative agreement between
the experimental radial distributions of the heavy
to light gas mass density ratio and the two-
dimensional theory, the diffusion process is believed
to be dominated by the three-dimensional aspects of
the flow occurring near the vortex tube centerline.

2. The enrichment factor, defined as the density ratio
divided by the heavy to light gas mass flow rate
ratio, increases as the heavy gas mass flow rate de-
creases and as the heavy gas molecular weight is
increased.

3. The radial location of the maximum density ratio is
inside the exit orifice radius but outside the radius
at which the radial pressure gradient reaches its
maximum. The minimum density ratio was found at
approximately the radius at which the radial pres-
sure gradient reaches its maximum,

4. The nondimensional heavy gas diffusion velocity
i1,/ (Dy,u/rw) is mainly a function of the molecular
weight ratio and radial pressure gradient; it is only
slightly influenced by the resulting density ratio
gradients.
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5. The actual radial mass flow rate at the radius of must be coupled with a suitably low fuel loss rate,
maximum density ratio was found to be approxi- which requires a much stronger vortex than has
mately 10% of the mass flow rate injected into the been generated for this investigation.
vortex tube, The radial mass average velocity at this
radial location is then approximately equal to the At present, it is not possible to establish whether the
heavy gas diffusion velocity. results of the two-dimensional theory can be applied

6. From the limited amount of data obtained with the  directly to the real flow. The experimental density ratio
heavy gas injected at the center of the closed end distributions agree qualitatively with the theory, how-
wall, it appears that the radial distribution of the  €ver, and the maximum enrichment factor increases with
heavy gas can be tailored. In particular, it appears  decreasing mass flow rate ratio, as is predictable from
that a relatively large mass of heavy gas can exist  the theory. This indicates that the significant diffusion
near the center of the flow with very little located ~ processes are the same in the two flows. Therefore,
near the cylindrical wall. In the gaseous-vortex re-  there may also be a critical mass flow rate in the three-
actor concept, however, this tailored distribution  dimensional flow.
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NOMENCLATURE
Symbols Z axial distance from closed end wall
a distance from disk centerline to pressure tap, y ratio of specific heats
1.063 in. & width of annular vortex tube exit hole
C, parameter in equation for critical mass flow rate 9 angular orientation of disk
C, specific heat at constant pressure p mass density; p, average mass density
d probe diameter oy average collision diameter
D vortex tube diameter I' constant in equation for a potential tangential
D, binary diffusion coefficient velocity distribution
_— 1 ientati f selsyn armature
g. gravitational constant ¢ angular orientation of selsyn
k Boltzmann’s constant .
Subscripts
m  molecular mass .
. ¢ centerline
m mass flow rate . . -
crit  critical condition
M, tangential Mach . .
¢ tangential Mach number e exit hole radius
n particle density H heavy gas
n  particle flow rate H, hydrogen gas
p static pressure L light gas
r  radial coordinate m maximum tangential Mach number
R gas constant man vortex tube manifold
T static temperature max maximum density ratio or pressure gradient
u, mass average absolute radial velocity min minimum density ratio
u, heavy gas absolute radial velocity N. nitrogen gas
uy heavy gas radial diffusion velocity (relative to u,) t stagnation conditions
v tangential velocity W cylindrical wall
w axial velocity w conditions at infinite radius
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